T he vectors most com m only considered in oceanic cartography are ocean currents, w hich can be represented in a variety o f w ays, according to the nature o f the cu rrents them selves, the m an n er in w hich these currents w ere observed, and the concepts w hich the illustrator w ishes to display. W ithin the limits o f a tw odim ensional page there are the requirem ents o f portraying the three-dim ensional space in w hich the vectors w ere observed, th e three-dim ensional space o f the vectors them selves and the dim ension o f tim e. Some solutions to this problem are provided from th e literature.
INTRODUCTION
The vectors most com m only considered in the ocean are ocean currents, and although others, such as th e oxygen or salinity gradient, do exist, they are a very small fraction o f the literature.
A previous article (DUNCAN, 1977) dealt w ith the illustration o f scalars and outlined a simple notation for determ ining w h at kind o f illustrations could be used to illustrate scalar data tak en in a three-dim ensional field. A ny param eter P w as considered to have a range o f values in space and tim e an d w ritten as P = P (x, y, z, t) This elem entary notation can be expanded to include vector fields by considering th at a vector is com prised o f tw o quantities, m agnitude (M) and direction, and th at direction can alw ays be uniquely defined by azim uth (0) and declination (ç>). Then we can w rite for a vector field V = (M, 0, ç>) (x, y, z, t) and consider that position vectors are a special case subsum ed in the same notation.
O ther variants containing the same num ber of identifiers are possible : m agnitude and direction could be defined in term s of Cartesian coordinates w hile the space in w hich the vectors are observed could be represented in spherical or cylindrical coordinates and so on, b u t the above notation, though mixed, is convenient for discussing the illustration o f vectors.
The diagram s w hich follow have been taken from the literature to show the w ays in w hich vector data is com m only represented. The first nine figures have been d raw n from the same data set.
The simplest case is th at o f a single position vector such as ship's drift o r a single cu rren t meter observation, com m only draw n as an a rro w w ith the correct direction referred to a com pass rose, a n d a length equivalent to the speed o f the current. T o represent direction graphically it is necessary to use tw o axes, and therefore a third scale for m agnitude is included.
C ase 2 (M , 0, C) (C , C , C , t)
A tim e sequence o f these vectors, for example the currents m easured in one plane by a current m eter at a fixed point, can be represented as a succession o f such planar graphs but head to tail. They can also be represented by a similar technique in w hich th e length o f the plot is proportional to the distance w hich a particle w ould travel if it continued in the observed direction for the observed time. This results in a diagram such as Figure 1 , w hich is a progressive vector plot from a current meter in the G ulf o f Mexico, w ith the displacem ent starting at the origin and moving aro u n d clockwise. T he tim e m arks on the plot are arbitrary, an d for convenience o f interpretation only. This Eulerian representation should not be read as though it is the path traced o u t by a point m oving over the surface o f the globe (see Figure 12 for a com parison w ith a Lagrangian illustration) although the appearance on a printed page is similar. T he tw o representations w ould be the sam e if the flow past th e m eter took place in the form o f a rigid plate. This type o f illustration can be very useful, but is liable to m isinterpretation.
For special purposes, th e same data can be show n as a progressive vector plot after th e mean translational m otion has been subtracted and is particularly useful in illustrating currents w hich have a strong cyclical com ponent. T he succession of p lanar graphs for each vector can also be draw n with their tails all at the origin, instead o f head-to-tail, b u t th e diagram very rapidly becomes indecipherable from the overcrow ding o f lines, an d solutions o f the current-rose type are sought. The conventional current rose is capable o f illustrating vast am ounts o f inform ation, and for th at reason is com m on to the nautical atlases of all nations. A current rose norm ally sum m arises cu rren ts observed by a num ber o f ships in a region, rather than those recorded by a current meter at a single point, but the principle of illustration is the same. There is an excellent discussion of this aspect by W y r tk i (1960).
Figures 2, 3, 4 and 5 are based on the same general layout as a current rose, but illustrate particular aspects for engineering purposes. Figure 2 shows the average speeds for five degree sectors o f a compass rose for the duration o f the record, and could be more useful than a conventional current rose for estimating ship's drift, but Figure 3 could be even more useful for that purpose. The illustration o f percent time that drift in a particular direction took place is shown in Figure 4 . An interpretation of this figure as showing probability o f flow in any direction would be justified if the diagram were based on sufficient data. Figure 5 is a very elegant way of portraying both speed and direction in a useful form, once one has become accustomed to the convention which is being used. It could be particularly effective on a twodimensional page in color or perspective, or even as a three-dimensional representa tion such as an analglyph or a hologram.
By using time as an axis, the data may be reduced by graphing speed and direction separately as shown in Figure 6 . This effectively reduces the problem from the difficult one of illustrating a vector to the simple one o f illustrating tw o (or more) • r~*40 * CD <£) e LU 2 0 scalars, i.e. by reducing (M, 9, C), (C. C, C. t) to (M) (C. C. C, t) and (<?) (C. C, C. t). The com prehension o f each trace is simple enough, but even w ith an equal and parallel time scale for m agnitude and direction, the re-com bination o f these scalars in the m ind to form a m eaningful vector portrayal requires either a special talent or a lot o f training. A similar technique is used in Figure 7 , w here the velocity vectors have been reduced to speed on Cartesian coordinates, and these speeds have been graphed. Figure 8 , a stick plot, represents velocity vectors w ith their tails stepped along a time axis rather than originating at a com m on point (hodograph) or head-to-tail (progressive vector).
A utilitarian representation o f particular use to engineers w h o design structures that have to endure in the ocean, such as oil platforms, is given in Figure 9 , w here the axes are speed and frequency. Clearly, 100% o f all currents exceed a speed of zero. This representation can be used, for exam ple, to determ ine th at the frequency o f speeds greater than 25 centim etres/second is about 3 6% , and the structure can be designed accordingly. A dm ittedly, this representation is rather a form o f (M , C, C) (C, C, C, t) in th at direction is om itted, and tim e is given in term s o f percent occurence, but it has been included here for completeness.
These diagram s represent com m on w ays of illustrating vector data taken over a period of tim e at one point and have been draw n from the sam e data set, so that the reader can form an opinion about the utility of one representation relative to another. Figure 10 is a close relative o f Figure 8 , being (M, 9, C) (C, y, C, C) rather than (M, 8, C) (C, C, C, t) and being simplified in that geostrophic currents are inherently perpendicular to their base line -the data set w as m uch more tractable. The artist here has made an ingenious attem pt at putting a graph on a map. T he axes o f the graph are centim etres/second on the abscissa, and degrees o f latitude on the ordinate axis, w hile the m ap shares the ordinate but has a coastline to suggest location.
A nother close relative o f both Figures 8 and 10 is that represented by (M, 9, C) (C, C, z, C). In all three cases the vectors are in a single plane and for either a fixed time or a fixed point. Figure 8 is at times difficult to interpret w hen the vector angles are parallel to the axis or nearly so. W hen the data set is not as tractable as that used in Figure 10 , it is som etim es necessary to use an isometric or perspective draw ing to achieve clarity. Figure 11 is such a draw ing to illustrate a very simple but aw kw ard set of vectors and is justly fam ous for its lucid exposition of the E km an spiral. From the notation this is seen to be a vertical section of m agnitude only (Fig. 13) . Some sem blance o f directionality is given by the shading, which is used to denote flow parallel to th e coast in either direction. As show n, the flow is imagined to be only parallel to the coast, and w ith no declination. Since horizontal m otion in the ocean is com m only held to be an order o f m agnitude greater than vertical m otion, the latter assum ption is not unreasonable. Figure 14 is a perspective diagram o f the sam e kind of inform ation as Figure 13 , the directionality being limited to that com p o n en t parallel to the coast. Case 4 (.VI, 6, C) (x, y, C, C)
One accepted w ay o f m aking maps w hich contain both m agnitude and direction is sh ow n in Figure 15 , w here the area has been subdivided into regions for w hich current roses can be calculated. This approach is possible because the direction o f flow is considered to be in the sam e plane as the map, and is a special case in that it is notationally equivalent to (M, C, ç>) (x. y, C, C) and although the latter could be drawn easily enough, it w ould not be as easy to read.
Fi g 15. -Surface current roses for the S E North Atlantic during summer (July, August, September).
An elegant solution to the illustration o f speed and direction for a given time is to be found in the U.S. N avy Oceanographic Office Publication N um ber 700 where the flow patterns o f the N orth Atlantic Ocean are overlaid w ith isotachs printed in color on a transparency. Figures 16 and 17 are given here as samples of the inform ation contained in these maps, w ith a recommendation that the originals be referred to.
C ase 5 (M , 0, C) (C, C, z, t)
The data from a num ber of current meters at various depths at one station for a period o f time are illustrated in Figure 18 , which is a succession o f hodogranhs laid out dow nw ards on a page to represent depth. The vectors have been assumed to be in th e horizontal plane. Figure 19 is an attem pt at overcom ing the limitations o f the essentially scalar vertical section (Figures 13 and 14) by providing a more general directionality than is allow ed by considering only flow perpendicular to a transect line. Although in som e cases it is difficult to determ ine w hether only horizontal flow is indicated by the vectors, the technique is a valuable one.
Case 6 (M , 0, <p) (x, y, z, C)
The schematic representation of currents put forw ard in Figure 20 cleverly uses tw o faces o f a perspective draw ing to portray the m agnitude, azim uth and decli nation o f vectors in a three dimensional field. It is really tw o separate illustrations of (M, 0, C) (x, y, C, C) and (M, C, tp) (C, y, z, C) with a com m on edge, but the illusion is m ore satisfactory to the eye than the equivalent trick used in Figure 6 . It should be pointed out that the tw o figures (6 and 20) are useful for different purposes, in th at Figure 20 is intended to convey an instantaneous picture o f w hat is happening, w hile Figure 6 is basically a data storage technique which is used to find items of interest, such as the com plete rotation o f current direction between 13 and 20 M arch, 1978. C O N C L U SIO N S The inherent problem of illustrating a time-variable 3D field which is set in 3D space is beyond the ability o f 2D paper to solve. W ith the added resource o f color, m ore can be achieved, but the most gripping illustrations o f time-variable vectors have been time-lapse movies.
Design of the experim ent is im portant if the results are to be well illustrated. It w as possible to draw Figure 13 because the observations were made in a plane. If they had not been in a plane, then it w ould have been necessary to draw something like Figure 19 , w hich is am enable to illustrating data taken in a 3D grid. It is true that the human mind can be trained to accept conventions which increase our understanding. The introduction o f perspective drawing is an example of such a convention, which was introduced during the Renaissance. Perhaps some similar breakthrough will occur in the future ? 
